Inhibition of oxidative stress and inflammation in vascular endothelial cells (ECs) may represent a new therapeutic strategy against endothelial activation. Sinapic acid (SA), a phenylpropanoid compound, is found in natural herbs and high-bran cereals and has moderate antioxidant activity. We aimed to develop new SA agents with the properties of antioxidation and blocking EC activation for possible therapy of cardiovascular disease. We designed and synthesized 10 SA derivatives according to their chemical structures. Preliminary screening of the compounds involved scavenging hydroxyl radicals and 2,2-diphenyl-1-picrylhydrazyl (DPPH × ), croton oil-induced ear edema in mice, and analysis of the mRNA expression of adhesion molecules in ECs. 1-Acetyl-sinapic acyl-4-(39-chlorine-)benzylpiperazine (SA9) had the strongest antioxidant and anti-inflammatory activities both in vitro and in vivo. Thus, the effect of SA9 was further studied. SA9 inhibited tumor necrosis factor a-induced upregulation of adhesion molecules in ECs at both mRNA and protein levels, as well as the consequent monocyte adhesion to ECs. In vivo, result of face-toface immunostaining showed that SA9 reduced lipopolysaccharideinduced expression of intercellular adhesion molecule-1 in mouse aortic intima. To study the molecular mechanism, results from luciferase assay, nuclear translocation of NF-kB, and Western blot indicated that the mechanism of the anti-inflammatory effects of SA9 might be suppression of intracellular generation of ROS and inhibition of NF-kB activation in ECs. SA9 is a prototype of a novel class of antioxidant with anti-inflammatory effects in ECs. It may represent a new therapeutic approach for preventing endothelial activation in cardiovascular disorders.
Introduction
In response to various inflammatory stimuli, endothelial cells (ECs) become activated, which leads to impaired endotheliumdependent vasodilation, inadequate perfusion, vascular leakage, and inflammation. Abnormalities occur in endothelial interactions with leukocytes, platelets, and regulatory substances (Anderson, 1999; Pober et al., 2009) . EC activation plays a key role in inflammation, thrombosis, and atherogenesis. Activated ECs express and activate specific adhesion molecules, such as vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1), which then recruit leukocytes, such as monocytes, lymphocytes, or neutrophils (Butcher, 1991) . VCAM-1 and ICAM-1 have an important role in endothelial dysfunction and vascular lesion development. The recruitment of leukocytes from circulating blood is crucial in the inflammatory reaction and is a multistep process: sequential capture, rolling along and firm adhesion to the microvascular endothelium, and transmigration through the vessel wall and further migration in extravascular tissue. All of these steps are orchestrated by cell-adhesion molecules on both leukocytes and endothelial cells, and different subsets of adhesion molecules are responsible for the different steps in extravasation. The expression of adhesion molecules in the large-vessel endothelium is considered to be a key factor in the development of atherosclerotic lesions. Upregulation of adhesion molecules with many other genes is considered to indicate EC activation.
Many endothelial functions are sensitive to the presence of reactive oxygen species (ROS) and subsequent oxidative stress (Davignon and Ganz, 2004) . Pathologic processes fundamental to the development and progression of endothelial dysfunction, such as the oxidation of low-density lipoprotein, loss of bioavailable nitric oxide, and the vascular inflammatory response, are all modulated by oxidant stress (Fenster et al., 2003) . Inflammatory cytokines induce EC activation by increasing ROS generation and enhancing the activity and expression of oxidative stress markers, such as NF-kB, ICAM-1, and VCAM-1 (Wagener et al., 1997; Alom-Ruiz et al., 2008; Borel et al., 2009) . Tumor necrosis factor-a (TNF-a) and lipopolysaccharide (LPS) increase the expression of ICAM-1 and VCAM-1 through an NF-kB-dependent redox-sensitive mechanism in ECs (Alom-Ruiz et al., 2008; Kim et al., 2011) . Thus, modulation of these processes-elimination of ROS, inhibiting the activation of NF-kB, and monocyte adherence-assumes great significance in preventing and treating EC dysfunction. Antioxidants may be an attractive therapeutic strategy to reduce endothelial dysfunction and prevent and treat cardiovascular disease (Bonetti et al., 2003; Versari et al., 2009) .
Exogenous antioxidants may protect endothelial function by modulating EC-dependent vasodilation responses, homeostatic EC-monocyte interactions, the balance between pro-and antithrombotic properties, and vascular apoptotic responses (Pratico, 2005) . A number of preclinical lines of evidence support this concept, and despite many studies suggesting a beneficial impact of antioxidant drugs on endothelial function, studies of the effects of classic antioxidants, such as vitamin C, vitamin E, or folic acid combined with vitamin E, have been disappointing (Munzel et al., 2010) . In contrast, substances, such as statins, angiotensin-converting enzyme inhibitors, or AT1-receptor blockers, which have indirect antioxidant properties mediated by the stimulation of nitric oxide production and simultaneous inhibition of superoxide production, could improve vascular function in preclinical and clinical studies and reduce the incidence of cardiovascular events in patients with cardiovascular disease (Anderson, 1999; Shindel et al., 2008; Munzel et al., 2010) . Oxidative stress remains an attractive target for cardiovascular prevention and therapy, and developing novel antioxidants from natural compounds is an interesting research direction.
One class of antioxidants is phenolic acids, many of which are natural compounds. Sinapic acid (SA) is a major component of traditional Chinese medicine found in Ligusticum chuaxiong Hort, Descurainia sophia, and Cimicifuga foetida L. SA retains its hydroxyl in the presence of antioxidants. In addition, the carboxylic acids in SA can be converted to amides and benzyl-substituted piperazine to increase its lipophilicity, so that it may more easily pass through a cellular plasma membrane. The SA piperazine, a novel pharmacophore, may increase new pharmacological activity. Therefore, transforming the structure of SA may be an effective way to develop new compounds with pharmacological activity.
In this study, we designed and synthesized a series of 1-erucic acyl-4-benzyl piprazine derivatives of SA (SA1-SA10). We tested the antioxidant ability of the most active compound (1-acetyl-sinapic acyl-4-(39-chlorine-)benzyl piperazine [SA9]) on EC activation in vitro and in vivo and investigated the underlying mechanism of the protective effects in TNF-a-induced endothelial activation.
Materials and Methods
Reagents, Antibodies, and EC Culture. Antibodies for VCAM-1, ICAM-1, JNK1, p65, phosphorylated-ERK (p-ERK), and total ERK were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies for anti-IkBa, anti-p-IkBa, and anti-p-SAPK/JNK were from Cell Signaling (Danvers, MA). Anti-ICAM-1 for immunostaining was from R&D Systems (Minneapolis, MN). Phorbol 12-myristate 13-acetate (PMA), LPS, TNF-a, dihydroethidium (DHE), bisbenzimide H, Hoechst dye 33258, Hoechst dye 33342, 2,2-diphenyl-1-picrylhydrazyl (DPPH × ), 29,79-dichlorfluorescein-diacetate (DCFH-DA), N-acetyl-L-cysteine (NAC), and dibenziodolium chloride (DPI) were from Sigma-Aldrich (St. Louis, MO). 29,79-Bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) was from Invitrogen (Carlsbad, CA). Cell culture reagents and other reagents were from HyClone Laboratories (Logan, UT), Invitrogen, or Sigma-Aldrich.
Human umbilical vein ECs (HUVECs) were isolated and cultured as previously described (Zhu et al., 2008) . The investigation conforms to the principles in the Declaration of Helsinki for use of human tissue. All experiments were performed with HUVECs up to passage 6 and cultured to confluence before treatment. DPPH × Radical Scavenging Assay. Free radical scavenging activities were measured by use of the stable DPPH radical (DPPH × ) as described elsewhere (Lum and Roebuck, 2001) , with modification. In brief, 65 mM solution of DPPH × in ethanol was added to samples at different concentrations (0.05-6.0 mM). The mixture was vortexed at room temperature for 20 minutes in dark, and the absorbance was measured at 517 nm. The capability to scavenge DPPH × was calculated using the following equation: % radical scavenging capacity 5 [(A 0 2 A 1 )/A 0 ] Â 100, where A 0 is the absorbance of the control reaction and A 1 is the absorbance in the presence of sample, corrected for the absorbance of sample itself. The scavenging activity was expressed as the EC 50 value (mM). Linear regression equations of absorbance against concentrations were determined by measuring the absorbance of 14 different concentrations of DPPH (6.5 Â 10 24 M) stock solution: A (517 nm) 5 7.9989C 1 0.0265 (R 2 5 0. 999). Hydroxyl Radical Scavenging Assay. Hydroxyl radical scavenging capacity was determined as described elsewhere (Ming et al., 1996) . The reaction mixture contained orthophenanthroline (75 mM), acetic acid (50 mM, pH 3.0), iron(II) sulfate (75 mM), 0.1% H 2 O 2 , and concentrations (0.04-1.20 mM) of the test samples or the reference compound, with the exception of SA6 and SA10 (0.02-0.78 mM). After incubation for 1 hour at 37°C, the absorbance was measured at 536 nm against an appropriate blank solution. The capacity to scavenge hydroxyl radicals was calculated as follows: % radical scavenging capacity 5 [(A 0 2 A 1 )/A 2 ] Â 100, where A 0 is the absorbance in the presence of the sample, A 1 is the absorbance of the control without a sample, and A 2 is the absorbance of the control without a sample and H 2 O 2 .
Toxicity Assay for SAs in HUVECs. The effect of SA1-SA10 on cell number was analyzed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium assay for cell toxicity as described elsewhere (Zhang et al., 2006) . The corrected absorbance of each sample was calculated by comparison with the untreated control.
Quantitative Real-Time Reverse-Transcription Polymerase Chain Reaction. Quantitative real-time reverse-transcription polymerase chain reaction (qRT-PCR) was performed as previously described (Zhang et al., 2010) . Total cellular or tissue RNA was isolated using the TRIzol reagent method (Invitrogen) and reverse transcribed using the First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Rockford, IL). The amplification reactions were in a volume of 20 ml consisting of synthesized cDNA, primers, and EasyTaq PCR Mix (Transgen Biotech, Beijing, China). Eva Green I fluorescence (Invitrogen) was used to monitor amplification of DNA by the MX3000P qPCR detection system (Stratagene, Santa Clara, CA). Fold change in mRNA concentration was calculated using the comparative CT method. Gene expression was normalized to that of the housekeeping gene b-actin. The forward and reverse PCR primers were for GAPDH, 59-gagtcaacggatttggtcgt-39, 39-ttgattttggagggatctcg-59; ICAM-1, 59-tggagtccagtacacggtga-39, 59-catagagaccccgttgccta-39; VCAM-1, 59-taaaatgcctgggaagatgg-39, 59-ctgtggtgctgcaagtcaat-39; and cyclooxygenase 2 (COX-2), 59-tgaaacccactccaaacaca -39, 59-gagaaggcttcccagctttt-3.
Western Blot Analysis. Protein isolation and Western blot analysis were as described elsewhere (Fu et al., 2011) with anti-ICAM-1, anti-VCAM-1, anti-JNK1, anti-p-ERK, anti-ERK, anti-IkBa, anti-p-IkBa, and anti-p-SAPK/JNK antibodies, according to standard protocols. Anti-b-actin (Bioss, Beijing, China) was used as a loading control. The protein bands were visualized by enhanced chemiluminescence (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK), and band densities were quantified using Scion Image software (Scion, Frederick, MD).
Immunofluorescence Analysis. Subconfluent HUVECs grown on coverslips were treated as indicated. The cells were fixed with 4% paraformaldehyde and immunostained with anti-p65 primary antibody and then with anti-rabbit fluorescein isothiocyanate-conjugated secondary antibody. Nuclei were stained with Hoechst dye 33342. Staining was observed under a confocal microscope.
Detection of Superoxide Anion and ROS In Situ. Generation of superoxide anion in HUVECs was measured by DHE staining and fluorescence microscopy as described elsewhere (Lefevre et al., 2007) . In brief, serum-free medium containing DHE (5 mM) was applied onto each plate of cells for 20 minutes and washed. Cells then were treated with 10 ng·ml 21 TNF-a with or without 1 mM NAC, 20 mΜ DPI, and 1 mM SA9, respectively, for 20 minutes and examined under an inverted fluorescence microscopy. DHE fluorescence intensity was measured by use of a fluorescence microplate reader (BioTek; Gen5) at 485/620 nm. Generation of ROS in HUVECs was measured by DCFH-DA staining with use of a fluorescence microplate reader (BioTek; Gen5) with wavelength 485/528 nm and fluorescence microscopy (Corda et al., 2001 ). Generations of superoxide anion and ROS in mice ears were measured by DHE and DCFH-DA staining as described elsewhere. Generation of superoxide anion and ROS in mouse ears was measured using DHE and DCFH-DA staining separately. In brief, frozen sections were then incubated with 5 mM DHE or 10 mM DCFH-DA in phosphate-buffered saline at room temperature in the dark for 30 minutes and then coverslipped with fluorescent mounting medium. Staining was observed with use of the AxioVision Imaging System (Carl Zeiss MicroImaging GmbH, Jena, Germany).
Cell Adhesion Assay. Cell adhesion assay was performed as described elsewhere (Fu et al., 2010) with modifcation.In brief, HUVECs were pretreated with 1 mM SA9 for 30 minutes, then 10 ng·ml 21 TNF-a for 8 hours. THP (human acute monocytic leukemia)-1 cells were stimulated with or without 5 nM PMA for 24 hours and then labeled with fluorescence dye (BCECF). The treated HUVECs and THP-1 cells were coincubated for 15 minutes. Nonadhering cells were washed off, and adhered THP-1 cells were counted under a fluorescence microscope.
Luciferase Activity Assay. For transient transfection, 5ÂNF-kB/luciferase (Luc) plasmid was transfected into Hy926 cells with use of the jetPEI method (PolyPlus, Illkirch, France) 24 hours before further treatment (Dang et al., 2009 ). Cells were then subjected to various treatments as indicated and then were lysed to measure luciferase and b-galactosidase reporter activities. Luciferase activity was normalized to internal control b-galactosidase activity.
Animal Care and Experimental Procedure. The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) . C57B mice were from the Peking University Health Science Center. BALB/c mice were from the Guangzhou First Military Medical University Animal Center [license no.: SCXK (Guangdong) 2006-0015, 2006B008] . All experimental protocols were approved by the University Institutional Animal Care and Use Committee.
The model of croton oil-induced ear edema and inflammation was as described elsewhere (Conforti et al., 1991) . BALB/c mice (male, 25-30 g) were randomly divided into four groups (n 5 8 each). The nonsteroidal anti-inflammatory drug ibuprofen was used as a reference. The test sample was orally administered (0.2 ml·10 g 21 body weight) 60 minutes before croton oil-induced ear edema. Croton oil was applied (1%, 50 ml per mouse) topically on the right ear pinna of mice, and the left pinna was used as control. The mice were killed 4 hours later; both ears were removed, and circular sections (8 mm diameter) of ears were punched out with the use of a cork borer and weighed. Edema was quantified as the difference in weight between the 2 ear pinnas. Anti-inflammatory activity was evaluated as percentage inhibition in the treated animals relative to controls as follows: inhibition (%) 5 [(Rc-Lt)/Rc]Â100%, where Rc is mean edema of control mice and Lt is mean edema of treated mice (Olajide et al., 2000) . Ear thickness was analyzed using NIH ImageJ. Frozen sections of mice ears were prepared for DHE, DCFH, and hematoxylin and eosin staining.
For face-to-face immunostaining of aortas, C57B mice were fed 50 mg·kg 21 SA9 for 1 hour, and then inflammation was induced by intraperitoneal injection of LPS (10 mg·kg 21 body weight) for 8 hours before mice were killed (Garrean et al., 2006) . Immunostaining for ICAM-1 in aortic intima of mice was as described elsewhere (Verna et al., 2006) . After perfusion fixation and dissection, aortas were incubated with 20% goat serum, then mouse anti-ICAM-1 antibody at 4°C overnight. Secondary antibody was Cy3-labeled goat anti-mouse antibody.
Statistical Analysis. Quantitative data are expressed as mean 6 S.D. Data were analyzed using regression analysis, one-way analysis of variance, and unpaired Student's t test. P , 0.05 was considered to be statistically significant. For nonquantitative data, results are representative of at least three independent experiments.
Results
Synthesis and Identification of SA1-SA10. To determine the most active compound of SA, we designed and synthesized a series of 1-erucic acyl-4-benzyl piprazine derivatives (SA1-SA10) from synthesized 4-substituted -benzyl piperazine (Supplemental Fig. 1A ) and its derivatives (Supplemental Fig. 1B) , named as compounds c1-c10 (Supplemental Table 1 ). Figure 1A shows the synthesis and determination of the chemical structure and substituents of SA1-SA10. The detailed procedure and the physical constants of the compounds SA1-SA10 are listed in Supplemental Methods and Supplemental Table 2 . All structures of SA1-SA10 were identified by elemental analysis, mass spectrometry, 1 H NMR, and infrared absorption spectra (Supplemental Tables 3-5 ). The purity of SA1-SA10 was $98.47, as determined by high-performance liquid chromatography (Supplemental Table 6 ).
SA-SA10 Had High DPPH Content and Hydroxyl Free Radical Scavenging Activity. The stable DPPH model is widely used to evaluate antioxidant activity in a relatively short time (Villano et al., 2007) . DPPH assay was used to preliminarily screen for antioxidant activity of SA-SA10. The DPPH radical scavenging activities of SA-SA10 were concentration dependent (Supplemental Fig. 2A) , as seen by the high correlation coefficients (R 2 . 0.90; P , 0.05; linear range, 0-150 mM) by logarithmic regression analysis (Supplemental Table 7 ). SA-SA10 at 150 mM all showed DPPH × scavenging rates .90%. The EC 50 value, widely used to measure free radical scavenging activity, when low indicates high antioxidant activity (Maisuthisakula et al., 2007) . The EC 50 values (Supplemental Table 7 ) were organized by four groups (P,0.05), as follows: SA,SA10 , SA1, SA2, SA8, and SA9 , SA4, SA6, SA7, SA3, SA5. Thus, SA-SA10 showed high proton-donating ability on DPPH × to form stable DPPH molecules.
Hydroxyl radicals are the major active oxygen species causing lipid peroxidation and enormous biologic damage. The hydroxyl radical scavenging activities of SA-SA10 were also concentration dependent (Supplemental Fig. 2B) , as seen by the high correlation coefficients (R 2 . 0.90; P , 0.05; linear range, 79.43-602.56 mM) (Supplemental Table 8 ). The EC 50 values allowed for dividing the derivatives by 7 groups, as follows: SA6 , SA10 , SA4, SA5, SA7 , SA1, SA8, and SA9 , SA3 , SA,SA2. Thus, SA-SA10 showed strong activity to inhibit the generation of hydroxyl radicals from the fenton reaction.
Effect of SA-SA10 on the Inhibition of Croton Oilinduced Ear Edema in Mice. To screen the anti-inflammatory properties of the compounds SA-SA10 in vivo, we created a mouse model of croton oil-induced edema in ears. With the exception of SA and SA7, most SAs at 100 or 200 mg·kg 21 had effective anti-inflammatory activity (Table 1) . Compared with the nonsteroidal anti-inflammatory drug ibuprofen, compounds SA9, SA6, SA8, SA1, and SA4 showed higher anti-inflammatory ability, with SA9 having the strongest inhibitory activity at 200 mg·kg 21 (45.65% inhibition). Figure 1B shows the chemical structure of SA9.
Effect of SA1-SA10 on TNF-a-Induced Pre-Inflammatory Reaction in ECs. To explore the mechanism of the antiinflammatory ability of SA1-SA10, cultured HUVECs were treated with 10 ng·ml 21 TNF-a and a 1 mΜ concentration of each SA derivative. The TNF-a-induced upregulation of ICAM-1 was significantly attenuated by SA3-SA8, SA9, and SA10 ( Fig. 2A) . Of note, only SA6 and, especially, SA9 significantly decreased the expression of VCAM-1 with TNF-a treatment (Fig. 2B) . In contrast, no SA derivatives had an effect on the regulation of COX-2 (Fig. 2C) . At concentrations ,50 mM, SA1-SA10 had little effect on cell survival and did not cause cytotoxicity in HUVECs, as analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium assay (Supplemental Fig. 2C ). The effect of SA9 on inhibiting the expression of ICAM-1 and VCAM-1 was further confirmed at the protein level (Fig. 3A) . Thus, the SA derivatives, especially SA9, possessed anti-inflammatory abilities, at least in part, by inhibiting the expression of ICAM-1 and VCAM-1 in ECs. An antioxidant NAC was reported to efficiently reduce the expression of adhesion molecules in ECs (Faruqi et al., 1997) . In this study, we used NAC as a positive control (Fig. 3A) ; the similar inhibitory effect of SA9 and NAC on TNF-a-induced VCAM-1 and ICAM-1 expression was observed. SA9 Attenuated TNF-a-Induced Adhesion of THP-1 Cells to ECs. Because the expression of adhesion molecules on ECs is a prerequisite for adhesion of leukocytes, we investigated the effect of SA9 on TNF-a-induced THP-1 cell adhesion to HUVECs. Untreated or PMA-activated THP-1 cells were used in the monocyte binding assay to indicate the function of VCAM-1 and ICAM-1. Pretreating HUVECs with 1 mM SA9 significantly reduced both ICAM-1-and VCAM-1-mediated monocyte adhesion induced by TNF-a (Fig. 3, B and C).
SA9 Inhibited Inflammation-Induced Oxidative Stress in ECs. To further explore the mechanism by which SA9 exerted its anti-inflammatory effect, we measured TNFa-induced oxidative stress by superoxide anion generation and ROS level in HUVECs by DHE and DCFH-DA staining, respectively. The antioxidants NAC and DPI served as the positive control. Exposure to 10 ng·ml 21 TNF-a increased superoxide anion generation and ROS levels in HUVECs (Fig.  4, A and B) . However, pretreatment with NAC, DPI, and SA9 showed similar effect to prevent the increased oxidative stress in ECs. To study the antioxidant effects of SA9 in vivo, we measured mouse ear edema in a croton oil-induced mouse model. Croton oil induced blood vessel dilation, congestion, thickness of mouse ear pieces, and infusion of inflammatory cells (Fig. 4C) ; all were significantly inhibited by SA9. The superoxide anion level and generation of ROS induced by proinflammatory edema were significantly reduced by SA9 (Fig. 4, D and E) .
The Anti-Inflammatory Effects of SA9 Were through Inhibiting of NF-kB Activation. As demonstrated above, SA9 exerted its anti-inflammatory effect by inhibiting TNFa-induced oxidative stress and the expression of cell adhesion molecules but not COX-2. Because upregulation of cell adhesion molecules and activation of NF-kB can be induced by TNF-a (Paik et al., 2002) , we next studied the involvement of NF-kB in the anti-inflammatory effects of SA9 in ECs. The transfection results in Fig. 5A revealed that treatment of TNF-a could activate NF-kB/Luc in ECs, which was largely attenuated by SA9 pretreatment. In addition, immunofluorescence analysis revealed that the nuclear translocation of p65, a subunit of NF-kB and marker of its activation, was significantly inhibited by SA9 (Fig. 5B) . Furthermore, Western blot results showed that, with SA9 pretreatment, the phosphorylation of IkB was significantly inhibited. AP-1 is another redox-sensitive transcriptional factor and the phosphorylation of JNK and ERK upstream of AP-1 activation. Therefore, we also detected the phosphorylation of JNK and ERK and found that phosphorylation of both JNK and ERK was increased by TNF-a, which could be reduced by SA9 to a certain degree (Fig. 5C) . Thus, the anti-inflammatory effects of SA9 were by inhibition of NF-kB, but the involvement of AP-1 could not be excluded. TNF-a and 1 mM SA1-SA10 for 6-hour reversetranscription polymerase chain reaction analysis of mRNA levels of human ICAM-1 (A), VCAM-1 (B), and COX-2 (C). GAPDH cDNA was an internal control. Data are mean 6 S.D. of mRNA relative to that of GAPDH from three independent experiments. *P , 0.05 versus control (Ctrl); #P , 0.05; ##P , 0.01 versus TNF-a.
Sinapic Acid Derivative Inhibits EC Activation SA9 Inhibited the LPS-Induced Expression of ICAM-1 in Mouse Aortic Intima. To investigate whether SA9 possesses anti-inflammatory effects in vivo, we examined LPS-induced expression of ICAM-1 in the aortic endothelium of C57 mice. Face-to-face immunofluorescence staining showed that the expression of ICAM-1 significantly increased in the aortic endothelium when animals were injected LPS to induce a systemic inflammation; the LPS-mediated upregulation of ICAM-1 was significantly attenuated with SA9 administration (Fig. 6 ). Thus, SA9 had an anti-inflammatory effect by inhibiting the expression of adhesion molecules in vascular endothelium in vitro and in vivo.
Discussion
SA is a phenylpropanoid compound found in natural herbs and high-bran cereals. It was reported to have moderate antioxidant and anti-inflammatory efficacy (Yun et al., 2008; Galano et al., 2011; Kwak et al., 2013) . To improve the antioxidant and anti-inflammatory properties and capitalize on other pharmacological functions of SA, we designed and synthesized 10 SA derivatives by varying the substitution of methyl, methoxy, and chloro groups at ortho, meta, and para positions of the phenyl ring. All 10 derivatives showed certain antioxidant activities in a cell-free system, but when tested on cultured cells, SA9 showed higher free radical scavenge activities and stronger inhibitory effects on TNF-a-induced upregulation of adhesion molecules in ECs. Furthermore, SA9 inhibited the monocyte/macrophage adhesion to ECs and the LPS-induced expression of ICAM-1 in mouse aortic intima. The mechanism was by inhibiting oxidative stress and NF-kB activation in ECs.
Preliminary screening of the antioxidant and antiinflammatory ability of the 10 SA derivatives involved in investigating scavenging hydroxyl radicals and DPPH × in cellfree system, expression of adhesion molecules in cultured ECs, and croton oil-induced ear edema in mouse model. Although almost all compounds could scavenge hydroxyl radicals and DPPH · and possessed topical anti-inflammatory properties and excellent biocompatibility, SA9 had stronger antioxidant and anti-inflammatory activity in ECs and animal models.
The fat-soluble and site of substitution on benzyl are important factors affecting antioxidant and anti-inflammatory activity. Chlorine atoms and the meta-substituted position increased the activity of the compounds. Theoretically, a compound with high fat solubility has better activity. Indeed, the structure of SA9 is the meta-substitution of the benzene ring by the chlorine atom. Thus, SA9 should have efficient antioxidation activity, which we confirmed.
Oxidative stress has long been recognized as an important contributor to cardiovascular disease. The production of ROS (free radicals and peroxides) is a particularly detrimental aspect of oxidative stress. Numerous clinical studies showed that increased vascular oxidative stress is strongly associated with cardiovascular events in patients with coronary artery 21 TNF-a for 30 minutes in the DCFH-DA assay and for 20 minutes in the DHE assay. Quantification of DCFH-DA and DHE images was from four different experiments with use of a fluorescence microplate reader (BioTek, Gen5). *P , 0.05; **P , 0.01 versus control (Ctrl); #P , 0.05; ##P , 0.01 versus TNF-a. (C-E) Croton oil (1%, 50 ml per mouse) was applied on the right ear pinna of BALB/c mice, and the left pinna was used as control. The mice were euthanized 4 hours after croton oil was applied, and then ears were removed. (C) Cross-sections of the ears with HE staining (magnification: 100Â and 400Â) and quantification. Arrows indicated blood vessels dilated and congested and infiltrated inflammatory cells in the dermis. Superoxide anion level measured by DHE staining (D) and ROS levels measured by DCFH-DA staining (E). Magnification: 400Â. Data are mean 6 S.D. from 6 mice (right). *P , 0.05; **P , 0.01.
Sinapic Acid Derivative Inhibits EC Activation disease (Heitzer et al., 2001) . Here, we found that SA9 has ROS scavenger property and could efficiently reduce superoxide anions in ECs. Additional results indicated that SA9 has strong antioxidant activity and protects ECs against activation and injury by ROS. Inflammatory status is a risk factor of cardiovascular disease. The expression of cell adhesion molecules, such as VCAM-1 and ICAM-1, mediates monocyte/ macrophage adhesion and the consequent processes in initiating atherogenesis (Trerotola et al., 2010) . We found that SA9 could significantly inhibit the TNF-a-induced ROS generation, upregulation of ICAM-1 and VCAM-1 in ECs, and blocked monocyte adhesion to ECs, similar as the effect of NAC and DPI, well-known antioxidants. It was reported that NAC suppressed TNF-a-stimulated expression of adhesion molecules by inhibiting ROS and NF-kB activity. (Sakurada et al., 1996; Zafarullah et al., 2003) . In addition, our preclinical animal model confirmed the anti-inflammatory properties of SA9 in inhibiting the expression of ICAM-1 in the aortic endothelium. Our results are supported by numerous studies showing that reducing intracellular ROS production could inhibit monocyte adhesiveness to ECs (Lin et al., 2005; Paine et al., 2010) .
NF-kB, a redox-sensitive transcription factor, could be activated by oxidative stress and is involved in proinflammatory cytokine production (Pueyo et al., 2000) . Therefore, we proposed that the anti-inflammatory effects of SA9 were based on the inhibition of NF-kB activation. SA9 potently suppressed TNF-a-mediated activation of NF-kB and the nuclear translocation of p65, a subunit of NF-kB, in HUVECs. Thus, the mechanism of the anti-inflammatory effects of SA9 depended on the inhibition of ROS and NF-kB. However, SA9 did not prevent the TNF-a-induced upregulation of COX-2. Regulation of COX-2 by TNF-a was previously found to be mediated by both MAPK and NF-kB (Paik et al., 2002) . The regulation of COX-2 by MAPK and NF-kB is by separate signaling pathways, and p38 MAPK but not NF-kB participates in the 21 TNF-a and 1 mM SA9 for another 24 hours. b-Galactosidase plasmid was cotransfected as a transfection control. Luciferase activities were normalized to that of b-galactosidase. Data are mean 6 S.D. of the relative luciferase activities from three independent experiments, each performed in triplicate (*P , 0.05). (B) HUVECs were treated with 10 ng·ml 21 TNF-a and 1 mM SA9 for 2 hours. NF-kB subunit p65 was stained with rabbit anti-p65 and anti-rabbit fluorescein isothiocyanate-conjugated secondary antibody (green), and Hoechst dye was used for nuclear staining (blue). The images were observed using confocal fluorescence microscopy. Results are representative of three separate experiments. (C) HUVECs were pretreated with 10 ng·ml 21 TNF-a and 1 mM SA9 for 5 and 30 minutes. Western blot analysis of protein levels of p-IkB, t-IkB, p-JNK, JNK1, p-ERK, and t-ERK. Results are representative of three independent experiments. Bar graphs show the band density ratio of phosphorylated to total protein levels (p-IkB/t-IkB, p-JNK/JNK1, and p-ERK/t-ERK), respectively. **P , 0.01 versus control (Ctrl). ##P , 0.01 versus TNF-a. regulation of COX-2 mRNA stability (Singer et al., 2003) . We found that SA9 mainly inhibited TNF-a-induced phosphorylation of IKB but also attenuated phosphorylation of JNK and ERK to a certain degree, which suggests the involvement of the AP-1 pathway (c-Jun/c-Fos). Our results also indicate the induction of COX-2 and VCAM-1/ICAM-1 by cytokines via different mechanisms.
In conclusion, we demonstrated that SA9, a new SA derivative, could efficiently prevent endothelial oxidative stress in vitro and in vivo. In addition, SA9 could inhibit the TNFa-induced NF-kB activation and the expression of cell adhesion molecules for a potential endothelial protective effect. SA9 may provide a new therapeutic approach for preventing endothelial activation in cardiovascular disorders. 
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Supplemental Methods
Supplemental Material and Method
Oxalyl chloride and benzyl chloride were from Sigma. Other reagents were of analytical grade. Melting points (mp) were obtained on a XT4 apparatus and are uncorrected. Infrared (IR) spectra were recorded on a fourier transform infrared spectrometer (FT-IR) Magna 750. UV spectra were recorded on a ZF-I apparatus. Proton nuclear magnetic resonance ( 1 H NMR) spectra were obtained with a Bruker AVANCE AV 400MHz spectrometer. Chemical shifts were reported in parts per million (ppm) and signals are given as follows: s, singlet; d, doublet; t, triplet; m, multiplet. Mass spectra were recorded on an R10-10C Nermag (70 eV) quadripolar spectrometer by desorption chemical ionization or electrospray techniques. Elemental analysis (EA) was recorded on a vario EL III.
Synthesis of 1-erucic acyl-4-benzyl piprazine derivatives
To synthesize 4-benzyl piperazine (compound c1), 1.94 g piperazine hexahydrate (0.01 mol) and 2.12 g Piperazine dihydrochloride monohydrate（0.012 mol）were dissolved in absolute ethanol for 10 min at 65°C under stirring. A total of 1.15 ml benzyl chloride (0.01 mol) was added drop by drop. The formed white needlelike crystal precipitate was isolated by filtration (2.03 g). The filtrate was evaporated with vacuum distillation, and the 4-benzyl piperazine hydrochloride crude (compound a) was obtained. The crude solution was dissolved in 25 ml water, alkalized with NaOH at 0°C (ice-bath), then extracted with 20 ml ethyl acetate twice. The combined ethyl acetate layer was dried by anhydrous sodium sulfate, filtered and concentrated. The crude 4-benzyl piperazine (1.30 g) was then separated by column chromatography to give the pure 4-benzyl piperazine (0.76 g). The benzyl chloride was replaced by other chlorides as for the synthesis of 4-benzylpiperazine (c1) to obtain compounds c2-c10. The structures of c1~c10 are in supplemental Table S1 .
Synthesis of 1-acetyl-sinapic acyl-4-benzyl piprazine (SA1)
To synthesize acetyl sinapic chloride (compound d), 1.28 g b (5.4 mmol) was dissolved in a mixture of 15 ml chloroform and 0.57 ml pyridine (7 mmol) with stirring. Then 0.61 ml (7 mmol) oxalyl chloride chloroform solution was added drop by drop with stirring for 60 min at room temperature. The excess oxalyl chloride and solvent were evaporated with vacuum distillation to form a brown-red viscous material, compound d, which can be used directly without further purification.
Synthesis of 1-acetyl-sinapic-acyl-4-benzyl piprazine (e)
4-benzylpiperazine (c1) (0.76 g, 4.3 mmol) was dissolved in a mixture of 10 ml chloroform and 2 ml triethylamine with stirring; fresh chloroform solution was added drop by drop for 60 min at room temperature. The reaction solution was washed with 10 ml 5％ NaHCO 3 5 times. The chloroform layer was evaporated with vacuum distillation; brown-red viscous material was the crude of 1-acetyl-sinapic acyl -4-benzyl piprazine.
The crude 1-acetyl-sinapic acyl-4-benzyl piprazine was dissolved by heating in 20 ml ethanol, then a fresh ethanol solution of 20 ml 2 M NaOH was added and yellow solid material was precipitated. The mixture was refluxed for 15 min; the solvent was then evaporated off. The yellow solid material was dissolved in 50 ml water, then concentrated HCl was added drop by drop at ice-bath with stirring until the pH range was between 5 and 6. The pH range was adjusted between 7 and 8 with 5％ NaHCO 3 in an ice-bath; a large amount of pale yellow solid was precipitated, filtered and dried, and the crude SA1 was obtained (0.82 g). The solid was recrystallized with chloroform-ethyl acetate, and the product was a white flake crystal (0.41g), mp 166～167°C.
Synthesis of SA2～SA10
N-benzylpiperazine was replaced by other compounds (c2~c10) as for synthesis of SA1. All the structures of SA1~SA10 were identified by elemental analysis, MS spectra and 1HNMR and IR as in supplemental Table S3- The same with Supplemental Table 7 .
